The water-miscible room temperature ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF 4 ]) is a model system for studying the interactions between ionic liquid and water molecules. In this work the orientational structure of the low concentrated aqueous solution of [bmim] [BF 4 ] at the air/liquid interface was investigated by sum frequency generation vibrational spectroscopy. It has been found that at very low concentrations, the butyl chain exhibited a significant gauche defect, indicating a disordered conformation; and the cation ring oriented with a fairly small tilting angle at the surface. When the concentration increased, the cation ring tended to lie flat at the surface, and the gauche defects of the butyl chain decreased due to the intermolecular chain-chain interactions and the consequent more ordered interfacial molecular arrangement. Additionally, the anti-symmetric stretching mode in the PPP and SPS spectra exhibited a peak shift, showing that there exists more than one kind of orientation or chemical environment for the butyl CH 3 group. These results may shed new light on understanding the surface behavior of water-miscible ionic liquids as well as the imidazolium based surfactants.
I. INTRODUCTION
Room temperature ionic liquids (RTILs) are organic salts composed entirely of ions and melt at temperature below 373 K. They can serve as "green" solvents because RTILs can be easily designed to be environmentally benign by choosing the suitable ion pairs from the unlimited numbers of combinations of cations and anions. Widespread usages have been found for the RTILs in both academic and industrial applications due to their unique characteristics: negligible vapor pressures [1] , wide liquidus ranges [2] , high conductivities [3] , good thermal stabilities [4] and large electrochemical windows [5] . Some recent investigations have been focused on the 1-alkyl-3-methylimidazolium cation ([C n mim] + )-based RTILs, of which the cation consists of a hydrophobic tail and a hydrophilic head group. The latter makes the ILs water-miscible. Therefore this type of ILs can be mixed with water, another widely used "green" solvent, to form a binary system with potential applications in many areas including medical extraction [6] , absorption cooling cycle [7] , analytical chemistry [8] , synthesis [9] and catalysis [10] .
The presence of water in ILs can strongly influence the properties of ILs such as the heat capacity [11] , density [12, 13] , viscosity [14] , electrical conductivity [15] , and surface tension [16] . Additionally, some ILs in aqueous solutions exhibit surfactant-like behaviors due to the amphiphilic nature of the organic cation. By changing the alkyl chain length of the cation or the size of the anion, one could tune the hydrophobicity of the ILs and observe different aggregation behaviors of ILs in water [17] . It has also been found that the addition of even a small amount of ionic liquid can significantly affect the properties of aqueous solutions of surfactants [18−20] as short-alkyl-chain ionic liquids can be more than just a solvent but a cosurfactant [20] , second surfactant [21] , or even a single surfactant component [22−26] SO 4 ] that were found to exhibit surfactant-like self-aggregations in aqueous solutions [22, 26] .
[Bmim][BF 4 ] (see Fig.1 for the molecular structure) is a water-miscible ionic liquid that has been frequently FIG. 1 Molecular structure of 1-butyl-3-methylimidazolium. The frequencies of the symmetric stretching modes of the butyl CH3, butyl CH2 and the stretching vibration of the imidazolium C(2)−H were also labeled accordingly.
studied. Both bulk [6, 27−30] and interfacial [22, 31−34] properties of its aqueous solution have been extensively investigated by various techniques. Kim and co-workers studied the air-liquid interface of the binary system of [bmim][BF 4 ]+water by both the surface tension and sum frequency generation (SFG) measurements [33, 34] . They suggested that at relatively low bulk concentrations of [bmim] [BF 4 ], the liquid surface was covered by [bmim] cations, and when the bulk concentrations reached 0.02 mole fraction, the anions started to appear at the surface. The observed abnormal surface tension minimum around 0.016 mole fraction may be related to the adsorption of the anions at the surface. They also concluded that the methyl group of the butyl chain did not change too much with concentrations. Another SFG study of the [bmim][BF 4 ]+water binary system was carried out by Baldelli and co-worker [32] . They probed the orientations and structures of both the cation and water at the air/liquid interface. Their results suggested that the cation ring lied nearly parallel to the surface plane and the interactions between water and ionic liquid did not significantly influence the orientation of interfacial cations. Most of the RTIL concentrations studied by Kim and Baldelli were larger than 0.02 mole fraction (>1.1 mol/L). Apparently, there had been a lack of the studies on the [bmim] [BF 4 ] aqueous solutions at low concentrations, which deserve more attentions because many imidazolium-based surfactants have very low critical micelle concentrations (mmol/L) [35] .
In the present work, we used SFG to investigate the cation orientations and chain-chain interactions at the air/liquid interface of the [bmim][BF 4 ] aqueous solutions at a series of low bulk concentrations (0.004−1.1 mol/L). The reorientation of the imidazolium ring and the different chain-chain interactions were observed when the [bmim][BF 4 ] bulk concentration changed, revealing that the interfacial structures of the RTIL aqueous solutions are indeed a function of the bulk concentrations. It was also shown that the interactions between the water and RTIL molecules ought not to be overlooked for the low concentrations.
II. BASIC THEORY OF SFG
Sum frequency generation vibrational spectroscopy (SFG-VS) is a surface-specific nonlinear vibrational spectroscopic technique. The details of the SFG theory have been well described in previous studies [36, 37] . Generally, in a SFG-VS experiment, a visible beam I vis at ω vis and a tunable infrared (IR) beam I IR at ω IR overlap at the interface of the sample. By tuning the IR frequency and detecting the sum frequency (ω SF =ω vis +ω IR ) signal, we can obtain the vibrational spectra of the interfacial molecular species. The SFG signal intensity I(ω SF ) is given by
where χ eff is the effective second order susceptibility and can be expressed as
In Eq. (2) 
B. SFG experiment
The experimental setup used in the present work has been described in detail previously [38] . Briefly, a 10-Hz and 23-ps SFG spectrometer laser system was purchased from EKSPLA. The visible wavelength was fixed at 532 nm and the full range of the IR tunability was 1000−4000 cm −1 . During the experiment, IR frequency was scanned with a 2-cm −1 increment and each point was averaged over 300 laser pulses. The energy of the visible pulse was set at 180 µJ and the energy of the IR pulse was less than 200 µJ. A co-propagate configuration was adopted. The incident angles of the visible and IR beams were 45
• and 58
• from the surface normal, respectively. A high-gain low-noise photomultiplier (Hamamatsu, PMT-R585) and a dual channel Boxcar average system (Stanford Research Systems) were integrated to serve as the signal detection system. The voltage of R585 was set at 1.3 kV for the measurement of IL aqueous solutions and 900 V for the measurement of the Z-cut quartz. The liquid sample was housed in a round Teflon beaker (with the diameter of 5 cm) for SFG measurements. The SFG spectra of three polarization combinations SSP, PPP, and SPS were carried out. Here SSP means the electric field vectors of the sum frequency signal beam, the incident visible and IR beam were S, S, and P, respectively (S represents that the electric field vector of the optical beam is perpendicular to the incident plane while P represents that the electric field vector is in the incident plane). The polarization combination terms of PPP and SPS were defined in a similar way. The measured spectra was first normalized by the energy of the incident laser beams, then normalized by the SFG signals from the Z-cut quartz (also normalized by the energy of the incident lasers), the details of the normalization procedure can be found in Refs. [38, 39] . All the measurements were carried out at controlled room temperature (22.0±0.5
• C) and humidity (40%). Figure 2 shows the Z-cut-quartz normalized SFG spectra of the air/[bmim][BF 4 ] aqueous solution interface in the C−H stretching region for six different concentrations (0.004, 0.01, 0.02, 0.05, 0.2, 1.1 mol/L). The second highest concentration (0.2 mol/L) corresponds to the lowest concentration used in a previous study by Kim and co-workers [33] . In another previous study on the same system by Baldelli and co-workers [32] , the RTIL concentrations were all higher than 0.01 mole fraction (1.1 mol/L) except one (2×10 −4 mole fraction, close to 0.01 mol/L). Here we focused on the low concentrations due to a lack of the studies on the [ [33] . The peak at 2965 cm −1 in PPP and SPS spectra was assigned to CH 3 anti-symmetric stretch mode (r − ) of the butyl chain. The peak at 2884 and 2914 cm −1 in PPP spectra for high concentrations were also attributed to r + and d − , respectively. As shown in Fig.2 the SSP and PPP spectra changed significantly as the bulk concentration increased. At 0.004 mol/L the SSP spectra showed no vibrational features for hydrocarbons but only a tail of the broad peak of the hydrogen bonded water. However, a small peak around 2965 cm −1 (r − ) began to rise in the PPP and SPS spectra at this concentration. This means even at very low concentrations (4 mmol/L) the cations are already adsorbed on the surface of the solution.
IV. RESULTS AND DISCUSSION
Many research groups choose to use a single polarization combination in the SFG studies, and the SSP polarization has been mostly used for the liquid interface. In some cases such as aqueous solutions, the SSP spectra show no clear C−H or N−H features in the region of 2800−3200 cm −1 , as shown in Fig.2(a) ] concentration (4 mmol/L) the SSP spectrum showed few C−H features but only the tail of the hydrogen bonded water network. This is because the surface was still mostly occupied by water molecules at such a low concentration. When the concentration increased to 0.02 and 0.05 mol/L, the interference between the SFG signals of C−H and hydrogen bonded water was observed in SSP spectra because for these two concentrations the surface populations of the [bmim] cation and the water molecule were both fairly large and the SSP signals from the surface-bound organic cations and hydrogen-bonded water molecules were comparable. As a result of such interferences, the r + FR peak (broken line in Fig.2(a) ) overlapped with the broad tail of hydrogen bond spectra and produced a valley around 2960 cm −1 (dashed line in Fig.2(a) ) in the SSP spectra of 0.02 and 0.05 mol/L solutions. The valley, which was shifted away from the normal peak position of 2945 cm −1 for r + FR , was most likely due to the destructive interference between the r + FR and hydrogen bonded water peaks that have the opposite relative phases [43] . This also indicates that the peak positions do not necessarily coincide with the apparent peaks or valleys when interference effects occur [44] . At higher concentrations (0.2 and 1.1 mol/L), the surface was mostly covered by the [bmim] cations. So the SFG signals were dominated by vibrational features of the [bmim] cation, and consequently the interference effects were not obvious in these spectra.
To comprehensively understand the interference effects and intermolecular interactions between adsorbed species and interfacial water, it would require several assumptions, especially the relative vibrational phase between the two species. A systematic but qualitative discussion on this matter can be found in a previous SFG study on the mixed lipid-surfactant films by Walker and co-workers [43] , therefore the detailed analysis of the interference effects will not be the focus of this work. In a short summary, the interference effects complicated the SFG spectra at several certain concentrations in the current work, and made it more difficult to obtain adequate fitting results when using Eq.(2) to fit the SSP spectra. Therefore only qualitative analysis will be discussed for the SSP spectra below.
When the concentration increased to 0.01 and 0.02 mol/L, the d + and r + peaks started to rise with the SSP polarization. To understand the change of the relative intensities of the SSP peaks for all concentrations, the local conformations of the CH 2 hydrocarbon backbone should be considered. The d + peak usually is considered as a measure of the order/disorder degree for the alkyl chains [45−47] . A larger d + intensity in SFG spectra indicates that the alkyl chains are poorly ordered with a high degree of gauche defect, and a smaller d + peak can be used as the evidence of a well ordered monolayer with all-trans hydrocarbon chains. In Fig.2(a) , the relatively large d + intensities in SSP spectra for the 0.02 and 0.05 mol/L solutions led to the conclusion that the adsorbed cations at the surface were disorganized with a high degree of the gauche defect for the butyl chain at low RTIL concentrations. When the concentration increased, the d + peak gradually merged into the shoulder of the strong r + peak. For the case of pure [bmim][BF 4 ], the d + peak were barely seen from the SFG spectra [33, 34] . This may suggest that at low concentrations the surface-adsorbed cations were in small amounts and loosely packed, so the cations were poorly organized. When the concentration increased, more cations were adsorbed to the surface and became more densely packed. Due to the chain-chain interactions, less space was available for the chain reorientations, and the trans-gauche bond isomerization became restricted [47] .
Another interesting feature of SSP spectra is that for the 0.01, 0.02, 0.05, and 0.2 mol/L solutions, there was a small peak around 3010 cm −1 assigned to the C−H stretch at the C(2) carbon of the cation ring [48, 49] . This peak has never been observed for the aqueous solution at higher (>1.1 mol/L) concentrations or pure [bmim][BF 4 ]. It can be interpreted that at high concentrations or for the pure [bmim][BF 4 ], the cation ring lies flat at the surface, so the C(2)−H bond is parallel to the surface and can not generate detectable SFG signals. In the present study, at low concentrations, the C(2)−H stretch features appeared above the noise level in the SSP spectra, suggesting that the cation ring adopted a fairly small tilt angle instead of lying completely flat at surface at low bulk [bmim][BF 4 ] concentrations. When the concentration increased to 1.1 mol/L, this peak disappeared, meaning that the cation ring became lying more parallel to the surface at this high concentration, in agreement with the previous SFG study [32] . The variation of the C(2)−H stretch peak intensities indicated there existed a reorientation process of the cation ring when the RTIL concentration increase. As mentioned above, the interference between the SFG signals of the C−H stretch and the hydrogen bonded water made it difficult to adequately fit the SSP spectra, so only qualitative discussions are presented here.
With a closer examination of the SSP spectra of d up when the concentration increased. When the concentration reached 0.05 mol/L, both peaks approached their maximum SFG intensities. As the concentration continued to increase to the value of 1.1 mol/L, both peaks began to decrease again, the d + peak dissolved into the shoulder of the r + peak while the C(2)−H stretch disappeared. This suggested that the reconstruction of the butyl chain packing and the reorientation of the imidazolium ring are related to each other in some way. Although how exactly the two processes are related to each other needs further experimental and theoretical studies, the observed reconstructions of the surface-bound organic cation arrangements indicated the changing interactions between the adsorbed species and the interfacial water molecules and also between the adsorbed species themselves. These observations can also be used to explain the surface properties of RTIL solutions such as viscosity and surface tensions at different conditions.
The complexity of the surface of the RTIL solutions can be further evidenced by a close comparison of PPP and SPS spectra in the r − region where a disparity of r − peak position between PPP and SPS spectra was revealed. Figure 3 shows the expanded PPP and SPS spectra in the r − vibrational region. Only the spectra of the 0.2 mol/L solution were shown in Fig.3 since different concentrations exhibited similar results (see supplementary material). As shown in Fig.3 , the r − peak position with the SPS polarizaiton was red-shifted compared with the corresponding PPP peak. By fitting the SFG spectra using Eq.(2) we obtained the r − peak positons for both polarizations. The resulting PPP and SPS peak positions from spectral fitting for different [bmim][BF 4 ] concentrations were plotted in Fig.4 . Other fitting parameters are listed in the Table S1 in the supplementary material. We can see that the peak positions of r − peak with the PPP polarization were around 2970 cm −1 and shifted to around 2963 cm −1 for SPS po- larization. The only exception was the concentration of 1.1 mol/L, of which the r − peak position in the PPP spectra was very close to that in the SPS spectra. The reason for the seemingly red-shift of r − peak in the PPP spectra at 1.1 mol/L was that the PPP intensity of r + FR mode became stronger at high concentrations and the rising r + FR peak merged into the shoulder of the r − peak. So when using a single r − peak to fit the PPP spectra at 1.1 mol/L, the peak position will shift to the red side compared with the actual r − position. This can be further supported by the SFG measurement on the pure [bmim] [BF 4 ], where the r − peak positions in the PPP and SPS spectra also seemed to be close to each other (see Fig.S2(a) • ), with which the intensity of r + FR in PPP spectra became much smaller and did not disturb the r − peak anymore. It was observed at this new experimental configuration that the r − peak positions in the PPP and SPS spectra split just as the case of the low concentrations (see Fig.S2(b) in the supplementary material) . A more systematic investigation on the surface structure of the RTIL surface by comparing different SFG spectra from a variety of the experimental configurations (laser incident angles) is currently undergoing, and we observed the spectral splitting in the r − vibrational region at all the RTIL samples.
This observed spectral shift in the r − region for the [bmim][BF 4 ] aqueous solutions could not arise from the possible N−CH 3 symmetric stretch mode at 2975 cm −1 , because no clear spectral features appeared around 2975 cm −1 in the SSP spectra. According to the polarization selection rule for the CH 3 symmetric stretch mode, the SSP intensity should always be many times of that of the PPP and SPS [42] , which was not the case observed in this work for the 2960−2970 cm −1 region. Therefore the N−CH 3 group could not be the reason of the peak shift as shown in Fig.3 and Fig.4 . Ruling out the possible contributions of the N−CH 3 group, we conclude that the split peaks in the 2960−2970 cm −1 region in the PPP and SPS spectra shall both originate from the butyl CH 3 r − mode. The reason for the spectral splitting is that there exist more than one kind of butyl CH 3 groups which have slightly different chemical environments and vibrational frequencies, possibly due to the CH 3 (butyl chain) with different orientations [51] or located in the different interfacial layers. This is also in agreement with the relatively disorganized [bmim] surface structures at low concentrations observed by the d + spectra mentioned earlier in this work.
V. CONCLUSION
We reported the polarization-dependent sum frequency generation vibrational spectroscopy study of the air/[bmim][BF 4 ] aqueous solution interfaces at low concentrations. The SFG spectra showed the organic cations were poorly ordered at the surface with the butyl chain exhibiting a high degree of gauche defect at low concentrations. When the [bmim][BF 4 ] concentration increased, more cations adsorbed to the surface and became well-ordered at the surface. As a result the gauche defect decreased due to the chain-chain interaction at higher concentrations. There also existed a reorientation process of the cation ring when the concentration increased as observed by the change of C(2)−H stretching peak intensities. In addition, the PPP and SPS spectra exhibited a peak shift for the butyl CH 3 antisymetric stretching mode (r − ) between the two polarizations, indicating that there existed more than one kind of butyl CH 3 groups due to the different molecular orientations or chemical environments. These results may be useful for understanding the surface behaviors of water miscible ionic liquids and imidazolium based surfactants. The reorientation of the butyl chain and the cation ring, as well as the existence of different types of CH 3 (butyl chain), indicated that the surface structure of [bmim] [BF 4 ] aqueous solutions at low concentrations is more complicated than expected. More quantitative experiment and theoretical studies are needed. Supplementary material: The r − region in the SPS and PPP spectra of different concentrations and experimental configurations can be found in the supplementary material.
VI. ACKNOWLEDGMENTS

